Background and Purpose-Because of difficulty in distinguishing between superficial perforator (SP) and internal border-zone (IB) infarcts, some studies lumped SP and IB infarcts together as so-called subcortical white matter infarcts, which might complicate the classification of infarct type and its pathogenesis. Using diffusion-weighted MRI (DWI), we made comparative analyses of clinical and neuroradiological characteristics between IB and SP infarcts to clarify the difference in underlying pathogenesis. Methods-We selected SP and IB infarcts on DWI using templates for the identification of subcortical vascular territories.
B
ased on the arterial territories, subcortical infarcts can be divided into deep perforator (DP) infarcts, superficial perforator (SP) infarcts, and internal border-zone (IB) infarcts. 1 The superficial perforating arteries descend toward the upper part of the lateral ventricle and supply the centum ovale. 2, 3 IB infarcts located in the vascular border zone between territories of DP and SP are a topographically well-defined type of deep cerebral infarcts and morphologically distinguishable on neuroimaging. 4 Previous studies suggested that IB infarcts had been attributed to hemodynamic compromise, 5, 6 but embolism was recently found to play an important role in the pathogenesis of IB infarcts. [7] [8] [9] In SP infarcts, although the pathogenesis remains unresolved, embolic mechanism from either the heart or internal carotid artery has been suggested. 10 Because it was difficult to clearly distinguish between SP and IB infarcts, some studies lumped SP with IB infarcts together as so-called subcortical white matter infarcts, 9 which may complicate the classification of infarct type and its pathogenesis. In addition, previous studies mainly compared SP infarcts and DP infarcts to clarify whether SP infarcts were same phenotype of small-vessel diseases. 3, 11 Diffusion-weighted MRI (DWI) is the most sensitive tool to detect not only fresh ischemic lesions that cannot be detected by conventional MRI 12, 13 but also silent infarcts not commonly associated with clinical deficits. 14 Therefore, DWI may provide an instructive clue in our understanding of the pathogenesis of cerebral infarcts. Using topographic differences detected by DWI, we split the subcortical white matter infarcts into IB and SP infarcts and made a comparative analysis of clinical and neuroradiological characteristics between the 2 groups to clarify whether the underlying pathogenesis may be different.
Subjects and Methods
From September 2000 to December 2002, we retrospectively studied consecutive patients with acute ischemic stroke or transient ischemic attacks (TIA) who were admitted to the Ajou University hospital within 7 days of symptom onset. SP infarcts were defined as isolated infarcts on DWI located in the territory of the white matter medullary artery, according to the templates of Bogousslavsky and Regli 2 ( Figure 1A) .
The outermost limit of SP infarcts was radiologically taken to be the cortical ribbon; the innermost limit was the corona radiata at the level of the DP. IB infarcts were defined as hyperintense areas in the vascular IB, where the border between DP and SP divides the infarct into 2 approximately equal sections ( Figure 1B ). 6 All IB and SP infarcts were detected by DWI, and other subcortical lesions without signal changes in DWI such as leukoariosis in T2-weighted imaging were excluded. To avoid SP infarcts beyond the boundary of white matter medullary arteries as accurately as possible, we excluded infarcts located within the border-zone area between the middle cerebral artery (MCA) and anterior cerebral artery or the MCA and posterior cerebral artery. Each DWI was assessed by 2 authors (L.P.H and O.S.H), and interobserver agreement was found to be very good (ϭ0.947).
We reviewed the medical records. According to the clinical stroke syndrome, we divided patients into lacunar, partial anterior circulation, and total anterior circulation infarcts. 15 National Institutes of Health Stroke Scale (NIHSS) score 16 was checked at admission and on days 1, 3, and 7 after admission. Clinical course was determined after a 1-week follow-up period and defined as follows: improving (when the NIHSS score decreased Ͼ2 points), stable (when the score decreased Ͻ2 points), and worsening (when the score increased). We also evaluated clinical outcomes (length of hospital stay, systemic complications) and the recurrence of infarct or TIA during at least the 3-month follow-up. Vascular risk factors were identified as follows: (1) use of antihypertensive agents with systolic blood pressure Ն160 mm Hg or diastolic blood pressure Ն95 mm Hg on admission for hypertension, (2) use of hypoglycemic agents or glycosylated hemoglobin Ͼ6.4% for diabetes, (3) use of antihyperlipidemic agents or serum cholesterol Ͼ220 mg/dL for hypercholesterolemia, and (4) any cigarette usage within the 28 days preceding the index stroke for smoking. Potential cardioembolic sources (PCESs) were as follows: recent myocardial infarction (Ͻ3 weeks), atrial fibrillation, mitral stenosis or prosthetic valve, dilated cardiomyopathy, sick sinus syndrome, acute bacterial endocarditis, or patent foramen ovale.
To evaluate the frequency of concomitant embolic signals in both infarcts, we examined cortical spotty lesions. Cortical spotty lesion was defined as a small hyperintense signal Ͻ10 mm detected by DWI that was smaller than lesions of IB or SP infarcts ( Figure 1A ).
Using the relevant artery stenosis and infarct size, we grouped SP infarcts into occlusive or nonocclusive SP infarcts and large (Ͼ15m) or small SP infarcts, and we compared clinicoradiological characteristics between these subgroups.
We measured MCA or internal carotid artery stenosis on MR angiography or transfemoral conventional angiography using previously suggested methods. 17 Degree of stenosis was graded as follows: lower-degree stenosis (50% to 74%), higher-degree stenosis (75% to 99%), and occlusion. Using hand-held caliper, 2 authors (L.P.H. and O.S.H.) performed these measurements separately; an acceptable level of interobserver agreement was observed ( ϭ0.853). Statistical analyses were performed with a commercially available software package (SPSS, version 10.0). The 2 and t tests were used to compare clinical and radiological characteristics with respect to stroke subtype when the variables were categorical and continuous, respectively. Logistic regression analysis was applied to look for independent predictors of SP and IB infarcts. Independent variables were sex, age, vascular risk factors, PCES, clinical course, degree of stenosis (mild occlusive vasculature; lower-degree stenosis; severe occlusive vasculature; higher degree stenosis or occlusion), and cortical spotty lesion. Results are given as odds ratio (OR) as estimates of relative risk with 95% confidence interval (CI). A value of PϽ0.05 was considered statistically significant.
Results
Among 720 consecutive patients with acute ischemic stroke or TIA, 54 (7.5%) and 29 (4.0%) met the criteria for SP infarcts and IB infarcts, respectively. Three patients with SP infarcts and 1 patient with IB infarcts presented with clinical diagnosis of TIA.
Details of the clinical and demographic features are given in Table 1 . Clinically, baseline NIHSS score was higher in the IB than the SP group (4.4Ϯ3.1 versus 2.4Ϯ2.1; Pϭ0.001). Cortical dysfunctions such as aphasia, cortical sensory dysfunction, apraxia, and executive dysfunctions were more frequently associated with IB than SP infarcts (52.4% versus 20.8%; Pϭ0.018); however, the pattern of clinical stroke syndrome, including subtype of lacunar syndrome, was not different in both groups. PCES was detected in 8 patients (14.8%) with SP infarcts but not in the IB group (Pϭ0.046). There were no significant differences in association with age, sex, laboratory data, clinical outcomes, previous TIA, and vascular risk factors between the 2 groups. The pattern of clinical course during a 1-week follow-up period was different; the SP group comparatively followed a more improving course, whereas the IB group had a worsening course (Pϭ0.001).
Details of overlapping map of all patients' DWI in both groups are illustrated schematically in Figure 2 . Cortical spotty lesions were more frequently accompanied by SP than IB infarcts (72.2% versus 24.1%; PϽ0.001). In DWI, SP infarcts morphologically had a tendency to be circular or oval (66.7% versus 27.6%), whereas IB infarcts appeared chainlike or sausagelike (72.4% versus 33.3%; Pϭ0.001). The diameter of lesions was significantly larger in IB than SP infarcts (24.2Ϯ10.2 versus 11.4Ϯ8.5 mm; PϽ0.001).
The degree of stenosis showed different patterns between the 2 groups ( Figure 3) . SP infarcts were associated with a lower degree of stenosis or no stenosis (61.1%), whereas IB infarcts were associated with a higher degree of stenosis or occlusion (86.2%; PϽ0.001 on 2 analysis). IB infarcts tended to have intracranial artery occlusive lesions compared with SP infarcts (82.8% versus 53.8%; Pϭ0.012). 
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Thirty-nine patients (72.2%) had occlusive SP infarcts; the remaining patients were nonocclusive SP infarcts. Occlusive SP infarcts significantly accompanied concomitant cortical spotty lesions (89.7% versus 10.3%; PϽ0.001) and had a tendency to appear chainlike (43.6% versus 6.7%; Pϭ0.011). Of the 4 nonocclusive SP infarct patients with cortical spotty lesions, 3 patients had PCES and 1 patient had coagulopathy. Four patients with occlusive SP infarcts also had simultaneous PCES. However, an analysis did not reveal any clinical and radiological differences between small and large SP infarcts.
After During a mean follow-up period of 10Ϯ6 months, recurrent rate of infarcts was not different between the 2 groups: 4 patients (8.7%) with SP infarcts and 1 patient (4.2%) with IB infarcts. One patient with SP infarcts presented with TIA; the remaining recurrent infarcts occurred in the same territories of previous strokes.
Discussion
Although the pathogenesis of SP infarcts was still in dispute, an important role of embolic mechanism has been suggested recently. In a pathological study of SP infarcts, Lammie and Wardlaw 18 demonstrated that 10 of 12 cases had potential sources of emboli that originated from either the heart or a large artery. In analyzing clinical characteristics of SP infarcts, Yonemura et al 10 also described that small SP infarcts were significantly associated with emboligenic heart and large-artery diseases. Until now, however, studies using the tool that could demonstrate direct evidence of underlying embolic events in SP infarcts are lacking. Using both DWI and transcranial Doppler (TCD), Wong et at 9 demonstrated in their analysis of MCA infarcts that an artery-to-artery embolism was frequent in border-zone infarcts; however, they lumped SP and IB infarcts roughly into border-zone infarcts, which limited the interpretation of embolic contribution to the genesis of SP or IB infarcts.
Using microembolic signals detectable by TCD and DWI, cortical spotty lesions detected on DWI have been known to be related to small emboli that originated from either a large artery or the heart. 19, 20 In the present study, we used DWI, the most sensitive imaging, to detect not only acute ischemic lesions but also asymptomatic cortical spotty lesions, and we split subcortical white matter lesions into SP and IB infarcts to clarify the contribution of embolic pathogenesis in their infarcts.
The variability of intracranial vascular territories including DP needs to be carefully considered in interpretations of stroke patterns. 21, 22 This variability may have an effect on locations of IB infarcts that vary from side to side or up and down along the lateral ventricle. Aside from their locations, however, IB infarcts in our study revealed a large size and chainlike shape, which were distinctive patterns that differentiated them from DP infarcts. 4 -6 The present study suggests that SP infarcts significantly accompany cortical spotty lesions on DWI, reflecting the embolic pathogenesis. On multivariate analysis, cortical spotty lesions and improving clinical outcomes were independently associated with SP infarcts. Furthermore, more than two thirds of SP infarcts had relevant artery stenosis, and 89.7% of occlusive SP infarcts were associated with embolic signals, whereas no nonocclusive SP infarcts had embolic signals except for those in 4 patients who simultaneously had probable embolic sources such as PCES or coagulopathy. This feature suggested that most SP infarcts were responsible for the artery-to-artery embolism, although cardioembolism was also associated with SP infarcts because of more frequent PCESs in SP infarcts than IB infarcts. Contrary to the description by Bogousslavsky and Regli 2 that large SP infarcts were associated with large-artery disease (either hemodynamic or thromboembolic mechanism), our study did not show any differences in clinical and neuroradiological characteristics between large and small SP infarcts but rather revealed different patterns according to the existence of occlusive arterial disease, reflecting the role of embolic mechanism in the genesis of SP infarcts regardless of infarct size. This discrepancy in the pathogenesis of SP infarcts may have resulted from differences in imaging sensitivity between conventional MR and DWI 10 and frequency of intracranial artery pathology exhibited in Ϸ45% of our patients with SP infarcts. In 11 patients (20.4%) with SP infarcts who had a nonocclusive SP infarcts without embolic signals, however, we could not exclude the possibility of pathogenesis of small-vessel disease. SP infarcts were frequently associated with lower-degree stenosis, whereas IB infarcts had significantly more severe occlusive arterial lesions. Szabo et at 23 described several disseminated small lesions detected by DWI that were comparatively associated with lower-degree stenosis, and another study showed that embolic signals detected by TCD were less frequent in higher-degree stenosis. 24, 25 On the other hand, several studies suggested that IB infarcts were associated with either a higher degree of stenosis or complete occlusion. 6, 26 Therefore, the association of SP infarcts and lowerdegree stenosis in our study further supported the embolic pathogenesis of SP infarcts. On the contrary, our study suggests that IB infarcts are more prone to be in the condition of hemodynamic compromise rather than that of embolism, and this feature is supplemented by the fact that only about one fifth of patients with IB infarcts have an embolic signals. Caplan and Hennerici 7 postulated the coexistence of hypoperfusion and intra-arterial embolism in border-zone infarcts and suggested the role of emboli lodged in hypoperfused region in their genesis. Judging from cortical embolic signals detected by DWI, we cautiously speculate that embolism may in part contribute to the pathogenesis of IB infarcts. In addition, the fact that IB infarcts were significantly associated with intracranial arterial occlusive lesions in our study may be explained partly by the more frequent intrinsic pathology of the intracranial artery in Asians than Westerners.
We speculate that the difference in pathogenesis between the 2 groups brings about differences in clinical manifestations. Emboli small enough to lodge in the white matter medullary artery result in small infarcts, which were responsible for lower NIHSS score and favorable outcomes in SP infarcts. On the other hand, because hemodynamic compromise influenced the cortical perfusion, 27, 28 it was possible that IB infarcts frequently accompanied cortical dysfunctions and thus had a higher initial NIHSS score and an unfavorable clinical course.
Delineation of the stroke mechanisms is important to guide specific treatment. While early antiplatelet therapy and hydroxymethylglutaryl-coenzyme A reductase inhibitor may be applicable for reducing microembolism and plaque stabilization in SP infarcts, 29 -31 strategies for increasing the vascular reserve such as endarterectomy or angioplasty may be deliberative in IB infarcts. In addition, our results indicate that more intensive care would be warranted in initial stages of IB infarcts because Ϸ40% patients with IB infarcts had a worsening clinical course. A perfusion study may further clarify the relationship between perfusion patterns and embolic signals in each infarct. Future investigation with both perfusion study and TCD monitoring for emboli detection may be necessary to clarify this issue.
In conclusion, our study demonstrates that embolic pathogenesis makes a greater contribution to the genesis of SP infarcts than IB infarcts, which may explain the difference in clinical and neuroradiological characteristics between SP and IB infarcts.
